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1.  INTRODUCTION 


The  electrothermal-chemical  (ETC)  propulsion  concept  is  a  technology  that  is  believed  to  offer  the 
potential  payoff  of  increased  muzzle  kinetic  energy  (increased  velocity  or  launch  mass)  within  the 
constraints  of  current  gun  envelops  (geometric  configuration).  Figure  1  illustrates  the  major  components 
of  a  generic  ETC  armament  system.  The  propulsion  portion  of  the  ballistic  cycle  is  initiated  by  the 
discharge  of  a  large  electrical  current  from  the  power  source  into  the  plasma  capillary;  here,  a  fuse  wire 
is  vaporized  to  create  a  high-temperature  (10,000-20,000  K)  plasma.  As  electrical  current  continues 
flowing  through  the  plasma  capillary,  the  plasma  temperature  is  maintained  by  ohmic  heating,  and  wall 
material  (usually  polyethylene)  is  ablated  because  of  the  high  temperatures.  The  pressure  gradient  between 
plasma  capillary  and  combustion  chamber  forces  the  plasma  to  flow  into  the  combustion  chamber  where 
it  reacts  with  a  propellant,  which  may  be  endothermic  or  exothermic,  and  generates  hot  gas,  which  is  the 
working  fluid  that  accelerates  the  projectile  just  as  in  a  conventional  solid  propellant  gun.  In  theory  the 
electrical  energy  input  to  the  capillary  should  determine  the  nature  of  plasma  discharge  in  the  combustion 
chamber  and  the  resulting  breech  pressure.  Thus,  input  of  the  optimal  electrical  energy  pulse  should  result 
in  a  gun  pressure  profile  that  can  be  tailored  to  produce  maximum  performance  (i.e.,  maximum  muzzle 
kinetic  energy). 

As  detailed  elsewhere  (Wren,  Oberle,  and  Morrison,  to  be  published;  Oberle  and  White  1991; 
Morrison  et  al.  1990),  utilizing  electrical  energy  to  supplement  the  chemical  energy  or  to  supply  a  major 
portion  of  the  total  energy  is  an  inefficient  use  of  the  electrical  energy.  The  major  purpose  of  the 
electrical  energy  should  be  to  control  the  gas  generation  rate  and  hence  the  subsequent  pressure  history 
in  the  gun.  Also,  to  minimize  the  mass  and  volume  of  the  electrical  power  subsystem,  the  total  electrical 
energy  per  round  must  be  as  small  as  possible.  Therefore,  if  the  potential  performance  benefits  of  ETC 
propulsion  are  to  be  realized,  the  additional  energy  required  for  enhanced  performance  must  be 
predominately  chemical.  Fortunately,  utilizing  electrical  energy  permits  the  use  of  a  broader  range  of 
materials  for  propellants  than  in  conventional  solid  propellant  systems.  The  authors  believe  that  propellant 
materials  with  the  required  performance  characteristics  can  be  identified. 

The  overall  objective  of  this  report  is  to  indicate  goals  for  propellant  energy  content  and  to  propose 
a  methodology  to  aid  in  the  identification  of  ETC  propellants  having  the  desired  ballistic  characteristics. 
Specific  objectives  of  this  report  are: 
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Figure  1.  Schematic  of  Generic  ETC  Armament  System. 

(1)  provide  goals  for  propellant  energy  density  required  to  obtain  desired  ballistic  performance; 

(2)  provide  a  methodology  for  the  calculation  of  candidate  propellant  thermochemical  properties;  and 

(3)  illustrate  the  methodology  by  the  examination  of  several  ETC  candidate  propellants  proposed  by 
the  authors. 

2  ENERGY  DENSITY  GOALS 

One  objective  of  the  Army’s  ETC  propulsion  program  is  to  obtain  approximately  18  MJ  of  projectile 
muzzle  kinetic  energy  in  a  120-mm  cannon.  (Current  performance  in  the  M256,  120-mm  cannon  is 
approximately  1 1  MJ.  Also,  due  to  the  elastic  strength  profile  of  the  M256  cannon,  the  maximum  muzzle 
kinetic  energy  which  can  be  obtained  is  between  14  and  15  MJ  [Obeiie  and  White  1991].  Thus,  for  this 
report,  calculations  are  for  a  generic  120-mm  cannoa)  In  this  report,  propellant  eneigy  density  goals  will 
be  relative  to  obtaining  this  objective.  Goals  will  also  be  provided  for  15  MJ  of  muzzle  kinetic  energy, 
a  figure  believed  by  the  authors  to  be  the  minimum  energy  of  interest  in  a  120-mm  ETC  system.  First, 
interior  ballistic  (IB)  calculations  using  the  CONPRESS  code  (Oberle  and  White  1991)  will  be  performed. 


This  code  assumes  a  constant  breech  pressure  to  propellant  burnout  followed  by  adiabatic  expansion.  To 
compensate  for  energy  losses  and  nonconstant  breech  pressure  profiles  measured  in  actual  gun  firings,  95% 
of  the  computed  CONPRESS  velocity  will  be  used.  Irish  (1985)  and  Morrison  (1990)  have  shown  that 
95%  of  the  constant  breech  pressure  velocity  is  a  reasonable  figure  for  a  well-designed  solid  propellant 
gun. 

Table  1  provides  those  inputs  for  the  IB  calculations  that  remain  fixed  for  all  calculations.  The 
propellant  mass  with  the  chamber  volume  adjusted  for  no  ullage,  the  propellant  volumetric  energy  density 
and  the  propellant  density  are  parametrically  varied.  Calculations  are  performed  for  a  projectile  travel  of 
4.75  m,  the  current  M256  cannon,  and  for  6.0  m,  the  proposed  travel  for  a  new  120-mm  tube. 

Table  1.  Fixed  Parameters  for  Constant  Breech  Pressure  IB  Calculations 


Projectile  Mass: 

11.4  kg 

Propellant  Thermochemistry: 

Gamma 

1.22  1 

Covolume 

0.6  cm3/g  1 

Constant  Breech  Pressure 

574  MPa  I 

Figures  2  and  3  provide  potential  performance  curves  for  a  generic  120-mm  bore  diameter  cannon  as 
measured  by  muzzle  kinetic  energy  for  various  charge  masses  and  volumetric  energy  densities;  both  cases 
assume  a  propellant  density  of  1.5  g/cm-*.  Figure  2  is  for  a  travel  of  4.75  m  and  Figure  3  for  a  travel  of 
6.0  m.  The  assumption  of  no  ullage  implies  that  the  loading  density  (charge  mass/chamber  volume)  is 
identical  to  the  propellant  density,  1.5  g/cm3.  Current  high  performance  solid  propellant  rounds  have 
loading  densities  between  0.9  g/cm3  to  1.0  g/cm3.  Both  graphs  show  that  increasing  propellant  mass  does 
not  result  in  continually  increasing  muzzle  velocity,  rather,  there  is  an  optimal  charge  mass  for  each 
propellant  volumetric  energy.  Also,  from  Figure  2,  for  4.75  m  of  travel,  to  obtain  15  MJ  of  muzzle 
energy  requires  a  propellant  with  a  volumetric  energy  density  of  approximately  9.5  MJ/L,  and  18  MJ  of 
muzzle  energy  requires  well  in  excess  of  12  MJ/L.  From  Figure  3,  the  volumetric  energies  in  a  cannon 
with  6.0  m  travel  are  approximately  6.5  MJ/L  and  10  MJ/L  to  obtain  15  and  18  MJ  of  muzzle  energy, 
respectively. 


3 


Figure  2.  Muzzle  Kinetic  Energy  vs.  Charge  Mass,  4.75-m  Travel  for  Various  Volumetric 
Energy  Densities. 


Figure  3.  Muzzle  Kinetic  Energy  vs.  Charge  Mass.  6.0-m  Travel  for  Various  Volumetric 
Energy  Densities. 
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Figures  4  and  5  summarize  minimum  total  energy  requirements  (chemical  +  electrical)  to  obtain  IS 
and  18  MJ  of  muzzle  energy  as  a  function  of  the  propellant  density  for  projectile  travels  of  4.75  m  and 
6.0  m  in  a  120-mm  gun.  Volumetric  energy  (MJ/L)  can  be  obtained  by  multiplying  energy  (vertical  axis) 
by  propellant  density  (horizontal  axis).  The  dimensions  of  energy  per  unit  mass  are  chosen  because 
propellant  energies  are  generally  given  gravimetrically,  not  volumetrically,  and  it  is  gravimetric  energy 
that  is  used  in  interior  ballistic  codes.  In  addition,  the  gravimetric  energy  is  easily  calculated  from  the 
results  of  thermochemical  codes  by 


Gravimetric  Energy  *  hnpetus 

(Y-l) 


0) 


Figures  4  and  5  can  be  used  to  determine  both  the  gravimetric  and  volumetric  energy  required  to 
obtain  a  given  muzzle  energy  as  a  function  of  the  propellant  density.  For  example.  Figure  4  shows  that 
to  obtain  18  MJ  of  muzzle  kinetic  energy  requires  a  propellant  with  a  combined  chemical  and  electrical 
energy  content  of  between  11.1  MJ/kg  and  10.6  MJ/kg,  depending  on  density.  Volumetric  energies  vary 
from  11.1  MJ/L  to  15.9  MJ/L  as  the  propellant  density  varies  from  1.0  g/cm3  to  1.5  g/cm3.  For  a  travel 
of  6.0  m.  Figure  5  indicates  that  the  total  energy  to  obtain  18  MJ  of  muzzle  kinetic  energy  is  between 
7.3  MJ/kg  and  6.8  MJ/kg,  depending  on  density.  Volumetric  energies  range  from  7.3  MJ/L  with  a 
propellant  density  of  1.0  g/cm3  to  10.2  MJ/L  with  a  propellant  density  of  1.5  g/cm3.  Although  the 
volumetric  energy  density  required  to  obtain  a  given  muzzle  energy  increases  as  the  density  increases,  this 
does  not  imply  that  low  density  propellants  are  necessarily  better  than  high  density  propellants.  For  a 
given  performance  level,  approximately  the  same  amount  of  total  energy  will  be  required  regardless  of 
the  propellant  density.  Then,  the  higher  the  density  the  less  volume  required  for  the  propellant,  which  will 
have  a  positive  impact  on  breech  design.  Although  both  the  chemical  and  electrical  energies  are  included, 
practical  applications  will  limit  the  electrical  energy  input  to  about  0.5  MJ/kg  of  propellant  Thus,  the 
propellant  energy  requirements  will  not  be  drastically  reduced. 

In  summary,  the  goal  required  for  candidate  ETC  propellants  to  produce  18  MJ  of  muzzle  kinetic 
energy  in  a  120-mm  cannon  is  a  propellant  with  a  volumetric  energy  density  of  at  least  11.1  MJ/L  if 
projectile  travel  is  4.75  m.  Use  of  an  extended  travel  tube  lowers  the  volumetric  energy  density 
requirement  by  about  34%  (11.1  MJ/L  for  4.75-m  travel  to  7.3  MJ/L  for  6.0-m  travel).  The  actual  value 
for  a  specific  propellant  will  depend  upon  the  propellant  density  as  shown  above.  Furthermore,  these 
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Figure  4.  Required  Energy  vs.  Propellant  Density  for  Performance  Levels  of  15  and  18  MJ 
of  Muzzle  Energy.  Travel  =  4.75  m. 


Propellant  Density  (g/cc) 

Figure  5.  Required  Energy  vs.  Propellant  Density  for  Performance  Levels  of  15  and 
18  MJ  of  Muzzle  Energy.  Travel  =  6.0  m. 
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values  are  based  on  the  assumption  that  propellant  loading  density  is  die  same  as  die  propellant  density. 
Inclusion  of  plasma  capillaries  or  extender  tubes  or  the  requirement  of  ullage  in  the  breech  will  generally 
increase  the  volumetric  energy  density  requirement 

3.  PROPELLANT  IDENTIFICATION  METHODOLOGY 


3.1  Outline  of  the  Method.  The  method  proposed  by  die  authors  comprises  five  steps: 

(1)  Selecting  a  figure  of  merit  for  ranking  proposed  compositions. 

(2)  Selecting  a  procedure  for  estimating  the  density  of  propellant  mixtures. 

(3)  Assembling  a  set  of  programs  that  will  compute  the  impetus  of  die  propellant  mix,  estimate 
the  density  of  the  starting  composition,  and  produce  a  table  containing  estimated  density  and 
volumetric  ballistic  energy  as  a  function  of  composition. 

(4)  Restricting  the  search. 

(5)  Evaluating  candidate  propellants;  seeking  compositions  with  maximum  volumetric  energies 
(if  these  maxima  exist). 

3.2  Details. 


3.2.1  The  Figure  of  Merit  The  figure  of  merit  to  be  chosen  must  be  appropriate  to  volume-limited 
systems.  There  are  two  candidates.  The  first  is  the  volumetric  impetus,  Iy,  defined  as  Iq  *  p,  where  Iq 
is  the  familiar  gravimetric  impetus.  The  other  is  Ey,  which  in  this  report  will  be  termed  the  volumetric 
ballistic  energy,  defined  as 


Ev 


Iq  *  P 

T “ 


(2) 


where  y  is  the  frozen  gamma  (ratio  of  the  two  specific  heats).  For  this  report,  Ey  is  chosen  as  the  figure 
of  merit  Although  this  choice  is  debatable,  it  was  selected  for  several  reasons.  First  is  the  fact  that 
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energy,  not  impetus,  is  the  important  quantity  in  ballistic  performance  codes.  Next,  die  volumetric  energy 
takes  into  account  the  effect  of  propellant  density,  which  may  vary  over  a  wide  range  for  proposed  ETC 
propellants.  Finally,  this  value  can  be  computed  based  solely  on  propellant  composition  and 
thermochemistry.  As  long  as  the  density  and  ratio  of  specific  heats  stay  within  the  ranges  1.0  g/cm3  to 
1.8  g/cm3  and  1.1  to  1.3,  respectively,  and  only  a  small  amount  of  solid  particulates  are  formed  in  the 
combustion  products  (White  and  Oberle  1992),  the  authors  believe  that  the  volumetric  energy  density  is 
an  appropriate  choice  for  a  figure  of  merit  As  will  be  seen  later,  this  decision  affects  the  selection  of  the 
"best”  composition. 

3.2.2  Estimating  the  Final  Density.  The  impetus  and,  thus,  energy  of  any  propellant  is  readily 
computed  by  various  thermodynamic  programs;  density,  however,  is  not  so  readily  obtained.  The 
estimation  of  the  density,  pf,  of  a  solution  of  two  or  more  ingredients  from  only  a  knowledge  of  the 
densities  of  its  components  is  no  easy  task.  In  the  present  case,  however,  it  appears  that  almost  all  of  the 
candidate  systems  will  be  composed  of  components  that  are  immiscible  with  each  other.  In  such  cases, 
there  is  no  interaction  between  the  components  (before  combustion),  and  so  their  volumes  are  additive. 

Consider  a  system  of  volume  V  and  mass  W  containing  w’(l)  and  w’(2)  grams  of  immiscible 
ingredients  1  and  2;  w’(l)/W  =  w(l)  and  w’(2)/W  =  w(2)  are  the  weight  fractions  of  the  ingredients. 

The  additivity  assumption  means  that  the  final  volume  of  this  system  is  given  by 

V  -  [w(l)v(l)  +  w(2)v(2)]*W  ,  <3> 

where  v(i)  is  the  specific  volume  of  ingredient  i;  hence,  the  density  of  ingredient  i,  p(i),  is  p(i)  =  l/v(i). 

Equation  3  can  therefore  be  written  as 

V  -  till  +  w^]w  .  (4) 

LpU)  P(2)  J 

Since 

l/pf-V/W  ,  (5) 
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substitution  of  Equation  4  into  5  produces 


1  _  w(l)  +  w(2) 
Pf  Pd)  P(2) 


(6) 


or 


P(l)p(2) 

w(l)p(2)  +  w(2)p(l) 


(7) 


It  is  readily  shown  that  Equation  3  is  exactly  equivalent  to  assuming  that  the  molar  volume  of  the  system 
is  the  sum  of  the  mole-fraction  weighted  sum  of  the  molar  volumes  of  the  components. 

3.2.3  Computational  Procedure.  All  of  the  thermodynamic  computations  are  performed  with  a 
modified  version  of  die  BLAKE  code  (Freedman  1982)  run  at  a  loading  density  of  0.2  g/cm3.  In  addition 
to  its  usual  output,  this  version  also  produced  a  summary  file  containing  the  title  of  the  run  and  the  usual 
summary  of  the  propellant  gases’  thermodynamic  properties.  This  summary  file  is  in  turn  used  as  input 
to  a  post-processing  program  that  combines  composition  and  thermodynamic  data  to  produce  an  estimate 
of  the  composition’s  density  and  the  volumetric  impetus  and  energy.  The  output  from  this  program  is  two 
flies — one  labelled  and  formatted  for  reading  and  one  that  was  for  input  to  a  graphics  program. 

3.2.4  Restricting  the  Search.  Since  not  more  than  0.5  MJ/kg  of  electrical  energy  will  be  available, 
only  exothermic  propellant  formulations  need  be  considered.  Fortunately,  this  still  leaves  a  wide  field. 

•  Mono-  or  Bipropellant?  From  the  first  it  appears  unlikely  that  any  conventional  monopropellant 
can  meet  the  requirements.  For  example,  JA2,  an  energetic  solid  propellant,  has  a  gravimetric  ballistic 
energy  of  5.6  MJ/kg  when  augmented  with  0.5  MJ/kg  of  electrical  energy.  If  the  gun  loading  density 
equals  the  material  density,  1.6  g/cm3,  the  resulting  volumetric  energy  is  8.96  MJ/L,  but  this  assumption 
is  not  realistic.  A  more  realistic  maximum  gun  loading  density  is  12  g/cm3;  this  leads  to  a  value  of 
6.72  MJ/L,  which  is  below  the  target  values  of  approximately  7  and  1 1  MJ/L. 

The  energy  of  JA2  or  similar  propellants  can  be  increased  by  increasing  their  oxidizer  content 
Practically,  this  means  adding  more  nitroglycerin  or  diethyleneglycol  dinitrate,  which  would  in  turn 
increase  both  hazard  potential  and  flame  temperature.  However,  if  instead  of  mixing  the  oxidizer  with 
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the  fuel,  it  is  possible  to  keep  them  separate  until  the  moment  of  combustion,  potential  hazards  could  be 
reduced.  Unfortunately,  neither  nitroglycerin  or  diethyleneglycol  dinitrate  are  attractive  choices  for  the 
oxidizer  because  of  their  hazards  and  adverse  physiological  properties  (Meyer  1987). 

Accordingly,  attention  is  focused  on  finding  energetic  bipropellant  combinations  of  oxidizers  and  fuels 
with  high  densities. 

•  Choice  of  Oxidizer.  One  choice  for  the  oxidizer  is  a  solution  of  81.1%  hydroxylammonium  nitrate 
(HAN)  in  water  (which  is  a  13-molar  solution).  This  mixture  has  a  density  of  1.54  g/cm3  (Sassl  et  al. 
1988)  which  is  attractive,  and  its  safety  and  toxicity  have  been  intensively  studied  in  recent  years.  For 
convenience,  this  solution  will  be  referred  to  simply  as  HAN  in  the  remainder  of  this  report. 

•  Choice  of  Fuel.  Here,  too,  high  density  (1.5  g/cm3  or  greater)  is  a  necessary  but  not  a  sufficient 
condition — promising  compounds  must  also  be  intrinsically  energetic. 

Densities  above  2  g/cm3  are  more  often  found  in  metals  or  inorganic  compounds,  but  these  compounds 
are  not  promising  fuel  ingredients.  The  principal  reason  is  their  generally  low  heats  of  combustion.  There 
are  some  exceptions;  e.g.,  hydrides.  Thus,  titanium  hydride  (density  =  3.75  g/cm3)  has  been  briefly 
considered.  A  mixture  of  24%  TiH2  +  76%  HAN/H20  (which  is  not  optimal)  with  0.5  MJ/kg  of  added 
electrical  energy  has  a  volumetric  energy  of  8.17  MJ/L.  Even  if  this  value  were  large  enough,  there  is 
the  unsettled  question  of  whether  the  large  amount  of  solid  product  in  the  exhaust  gases  (about  23% 
Ti203)  would  interfere  with  the  proper  operation  of  the  gun  (White  and  Oberie  1992).  Such  compounds 
are  not  considered  further  in  this  report. 

Organic  compounds  containing  only  C,  H,  N,  and  O  almost  always  have  densities  less  than  1.3  g/cm3. 
There  are  some  interesting  exceptions;  e.g.,  7-methyl  uric  acid  has  a  density  of  1.706  g/cm3,  but  it  is  not 
energetic.  The  principal  exceptions  are  nitrates  and  nitro  compounds. 

3.2.5  Application.  Application  of  the  screening  methodology  is  provided  for  several  candidate 
propellant  formulations  in  the  next  section. 
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4.  EXAMPLES 


No  systematic  search  of  the  literature  is  undertaken;  the  present  work  is  restricted  to  considering  some 
promising  compounds  from  Meyer  (1987).  The  performance  level  that  a  suitable  ETC  system  must  reach 
is  high;  it  is  not  immediately  obvious  that  satisfactory  propellants  can  be  found  that  will  achieve  them. 
Therefore,  in  investigating  various  possibilities,  very  little  effort  has  been  made  at  this  time  to  screen  them 
for  safety,  toxicity,  producibility,  or  other  requirements  that  all  propellants  must  meet  before  being  fielded. 
Additional  details  can  be  obtained  in  a  report  by  Boggs  et  al.  (1991). 

4.1  Selected  Fuels.  Three  fuels  of  interest  are  shown  in  Table  2. 


Table  2.  Three  Illustrative  Fuel  Components* 


Chemical  Name 

Abbreviation 

Density 

(g/cm*) 

Formation 

Enthalpy 

(kcalAnol) 

Ballistic 

Energy13 

(MJ/L) 

Cyclo- 1,3,4- 

trimethylene-2,4,6- 

trinitramine 

RDX 

1.82 

14.69 

11.00 

Trinitro-2,4,6- 

phenylmethylnitramine 

tetryl 

1.73 

8.08 

8.00 

Trinitro  aniline 

TNA 

1.76 

-13.66 

6.18 

*  All  data  are  from  Meyer  (1987). 
b  Computed  from  BLAKE  thermodynamic  values. 


4.2  Variation  With  Composition  or  Added  Energy.  Earlier  in  this  report,  it  was  stated  that  the 
volumetric  energy  density  was  selected  as  a  figure  of  merit  instead  of  the  volumetric  impetus;  several 
reasons  for  this  choice  were  given.  In  this  section,  the  rationale  for  selecting  the  volumetric  energy 
density  over  the  volumetric  impetus  will  be  further  illustrated  as  the  composition  dependence  of  the  results 
are  explored. 

All  three  fuels  are  more  energetic  than  81.1%  HAN  (volumetric  energy  =  1.18  MJ/L).  Consequently 
both  gravimetric  and  volumetric  impetuses,  considered  as  a  function  of  composition,  increase  to  the 
maximum  value  of  the  pure  fuel.  Figure  6  illustrates  this  result  for  the  gravimetric  and  volumetric 
impetuses  of  HANAetryl  and  HAN/TNA.  Figure  7  shows  the  composition  dependence  of  the  gravimetric 
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Figure  6.  Gravimetric  and  Volumetric  Impetuses  of  HANTTetryl  and  HAN/TNA.  0.5  MJ/kg  Electrical 
Energy  Added. 


Figure  7,  Gravimetric  Impetus  and  Density  vs.  Percentage  of  Fuel.  Tetrvl  Mixed  With  81.1% 
han/h2o. 
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impetus  of  HAN/tetryl  for  six  different  levels  of  added  electrical  energy.  In  all  of  these  cases,  the  impetus 
rises  monotonically  to  die  value  of  the  pure  fuel.  Figure  7  also  shows  the  composition  dependence  of  the 
estimated  density,  which  is  virtually  linear.  Thus,  the  dependence  on  composition  of  volumetric  impetus 
(density  *  gravimetric  impetus)  will  exhibit  the  same  behavior  as  the  gravimetric  impetus. 

The  volumetric  and  gravimetric  energies,  however,  sometimes  behave  differently.  Figure  8  shows  the 
composition  dependence  of  the  volumetric  energy  of  these  same  two  systems.  Perhaps  suiprisingly,  there 
is  now  a  maximum.  The  reason  for  this  is  the  concentration  dependence  of  gamma,  which  is  shown  in 
Figure  9  for  the  HAN/tetryl  mixture.  It  has  a  pronounced  minimum,  so  that  l/(y  *1),  in  turn,  has  a 
maximum,  which  produces  maxima  in  the  gravimetric  and  volumetric  energies.  In  general,  these  maxima 
occur  at  different  concentrations. 

Figure  10  shows  the  volumetric  energy  for  the  same  system  on  a  larger  scale.  The  maximum  is  quite 
evident.  The  location  of  this  maximum  occurs  at  higher  fuel  concentrations  as  the  electrical  energy 
increases.  This  point  is  emphasized  by  the  sloping  line  drawn  through  the  maxima. 

Since  the  effective  electrical  energy  consumed  per  gram  varies  throughout  the  discharge  cycle,  this 
dependence  of  the  maximum  total  energy  on  the  amount  of  added  electricity  means  that,  theoretically, 
there  cannot  be  a  truly  optimum  mixture  in  this  system.  This  may  have  implications  for  charge  design. 
However,  Figure  10  indicates  the  actual  shift  is  not  large  and  should  not  constitute  a  problem. 

Such  a  maximum  in  the  volumetric  (gravimetric)  energy  does  not  occur  in  every  HAN-fuel  system; 
for  example.  Figure  1 1  shows  that  it  does  not  occur  in  HAN-RDX.  The  explanation  is  the  same:  the 
change  (or  lack  of  it)  in  the  gamma  of  the  product  gases  with  the  initial  propellant  composition. 

5.  ADDITIONAL  DISCUSSION 

5.1  The  System  HAN  +  RDX.  Perhaps  the  most  interesting  system  of  the  four  considered  here  is 
81.1%  HAN  and  RDX.  The  volumetric  energy  of  this  system  increases  up  to  neat  RDX  as  the  weight- 
percent  of  fuel  approaches  100%.  For  a  weight-percent  of  fuel  above  65%,  the  system  with  0.5  MJ/kg 
of  added  electrical  energy  has  a  volumetric  energy  greater  than  10  MJ/L.  This  suggests  the  possibility 
of  a  fuel  composed  of  RDX  and  a  high-density  binder.  Another  possibility  is  based  on  the  well-known 
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Volumetric  Energy  (MJ/L) 


COMPOSITION  DEPENDENCE  OF  VOLUMETRIC  ENERGY 

0.5  kJ/g  Electricity  Added  to  Both  Systems 


Figure  8.  Volumetric  Energy  vs.  Percentage  of  Fuel,  Tetrvl  +  HAN.  TNA  +  HAN.  0.5  MJ/kg 
Added  Electrical  Energy. 

COMPOSITION  DEPENDENCE  OP  VOLUMETRIC  ENERGY  &  GAMMA 
Tetryl  Mixed  with  81 .1  7.  HAN/H2O 


Height  Percent  Fuel 

Figure  9.  Volumetric  Energy  and  Gamma  vs.  Percentage  of  Fuel.  Tetrvl  Mixed  With 
81.1%HAN/H20. 
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Volumetric  Energy  (MJ/L) 


insensitivity  of  triamino-trinitrobenzene  (the  so-called  "wooden  explosive"),  so  that  mixtures  of  it  with 
RDX  may  have  promise  as  an  ETC  fuel  component. 


5.2  Flame  Temperatures.  The  systems  discussed  here  have  been  chosen  primarily  for  illustrative 
purposes.  Nevertheless,  we  must  point  out  a  potential  drawback  to  some  of  them — they  have  flame 
temperatures  greater  than  that  of  JA2  (3,430  K),  which  has  been  suggested  as  an  upper  limit  (Wren  and 
Oberle  1991). 

Table  3  shows  the  properties,  including  the  flame  temperatures,  for  the  systems  that  have  been 
discussed  here. 


Table  3.  Thermodynamic  Properties  of  Selected  HAN-Fuel  ETC  Systems 
0.5  MJ/kg  of  Electricity  Added  in  All  Cases 


Name 

Fuel 

(%) 

m 

Grav 

Imp 

(J/g) 

Co-Vol 

(cm3/g) 

Gamma 

Estd 

Dens 

(g/cm3) 

Volumetric 

Energy 

(MJ/L) 

RDX 

70 

3,912 

1,308.9 

0.949 

1.2107 

1.662 

10.3 

M 

75 

3,981 

1,337.5 

0.966 

1.2133 

1.680 

10.5 

♦1 

80 

4,047 

1,365.5 

0.983 

1.2162 

1.700 

10.7 

** 

85 

4,110 

1,393.5 

0.999 

1.2194 

1.723 

10.9 

H 

90 

4,173 

1,421.6 

1.015 

1.2228 

1.750 

11.2 

Tetryl 

54 

3,666 

1,204.4 

0.937 

1.2094 

1.586 

9.1b 

TNA 

41 

3.423 

1,124.2 

0.886 

1.2047 

1.582 

8.7b 

TATNE* 

38 

3,362 

1,092.1 

0.868 

1.2063 

1.595 

00 

cr 

a  Triamino-trinitrobenzene 
b  Maximum  value  for  this  system 


6.  SUMMARY 

The  goal  for  candidate  ETC  propellants  should  be  to  identify  a  propellant  with  a  volumetric  energy 
of  at  least  11  MJ/L  in  order  to  obtain  18  MJ  of  muzzle  kinetic  energy  in  a  generic  120-mm  cannon. 
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Volumetric  energy  is  the  most  appropriate  figure  of  merit  for  comparing  candidate  propellants  due  to  the 
wide  range  of  proposed  ETC  propellant  densities  and  the  effect  of  the  ratio  of  specific  heats.  The  density 
of  mixtures  of  immiscible  components  can  be  estimated  by  assuming  volume  additivity.  Useful  ETC 
propellants  will  have  to  be  both  energetic  and  have  a  high  density.  A  concentrated  (13-molar)  solution 
of  HAN  is  a  promising  oxidizer  for  such  propellants.  Possible  high-density  fuels  include  nitro  compounds, 
some  of  which  have  already  been  characterized  as  explosives.  The  volumetric  impetus  of  systems  of  HAN 
plus  more  energetic  fuels  increases  monotonically  with  fuel  concentration;  but  the  volumetric  and 
gravimetric  ballistic  energy  of  some  of  these  systems  exhibit  a  maximum  due  to  the  composition 
dependence  of  the  ratio  of  specific  heats.  Fuels  containing  RDX  and  a  less-energetic  fuel  or  a 
high-density  binder  deserve  further  consideration. 


17 


7.  REFERENCES 


Boggs,  T.  L.,  M.  L.  Chan,  A.  I.  Atwood,  J.  D.  Braun,  P.  S.  Carpenter,  M  S.  Pakulak,  and 
R.  L.  Hunt-Kramer.  "Propellant  Development:  From  Idea  to  Motor."  Naval  Weapons  Center,  China 
Lake,  CA,  1991. 

Freedman,  E.  "BLAKE — A  Thermodynamics  Code  Based  on  TIGER:  User’s  Guide  and  Manual." 
BRL-TR-0241 1 ,  U.S.  Army  Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground,  MD,  July  1982. 

Irish,  C.  G.  "Ignition  and  Combustion  Studies  for  Gun  Propulsion:  Fiscal  Year  1985."  IHSP  85-212, 
Naval  Ordnance  Laboratory,  Indian  Head,  MD,  December  1985. 

Meyer  R.  Explosives.  New  York  and  Weinheim:  Veriag  Chemie,  3rd  ed.,  1987. 

Morrison,  W.  F.  "Novel  Propulsion."  Drexel  University  Center  for  Ballistic  and  Continuing  Professional 
Education,  Philadelphia,  PA,  June  1990. 

Morrison,  W.,  G.  Wren,  W.  Oberie,  and  S.  Richardson.  "The  Application  of  Lagrange  and  Pidduck-Kent 
Gradient  Models  to  Guns  Using  Low  Molecular  Weight  Gases."  Proceedings  of  the  27th  JANNAF 
Combustion  Meeting.  Cheyenne,  WY,  November  1990. 

Oberie,  W.  F.,  and  K.  J.  White.  "Electrothermal  Gun  Technology  and  Performance:  An  Analysis  of  Small 
Large  Caliber  Ballistic  Data."  BRL-TR-3238,  U.S.  Army  Ballistic  Research  Laboratory,  Aberdeen 
Proving  Ground,  MD,  June  1991a. 

Oberie,  W.  F.,  and  K.  J.  White.  "Electrothermal-Chemical  Propulsion  and  Performance  Limits  for  the 
120-mm,  M256  Cannon."  BRL-TR-3264,  U.S.  Army  Ballistic  Research  Laboratory,  Aberdeen  Proving 
Ground,  MD,  September  1991b. 

Sassd  R.,  M.  A.  Davies,  R.  A.  Fifer,  M.  M.  Decker,  and  A.  J.  Kotlar.  "Density  of  Hydroxylammonium 
Nitrate  Solutions."  BRL-MR-3720,  U.S.  Army  Ballistic  Research  Laboratory,  Aberdeen  Proving 
Ground,  MD,  1988. 

White,  K.  J.,  and  W.  F.  Oberie.  "The  Effects  of  Condensed  Phase  Combustion  Products  on  Ballistic 
Performance."  BRL-TR-3316,  U.S.  Army  Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground, 
MD,  February  1992. 

Wren,  G.  W.,  and  W.  F.  Oberie.  "An  Analysis  of  Bore  Surface  Temperatures  in  Electrothermal-Chemical 
Guns."  BRL-TR-3276,  U.S.  Army  Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground,  MD, 
October  1991. 

Wren,  G.,  W.  Oberie,  and  W.  Morrison.  "Utilization  of  Electrical  Energy  to  Enhance  Performance  of 
Solid  Propellant  Guns."  U.S.  Army  Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground,  MD, 
to  be  published. 


19 


Intentionally  left  blank. 


20 


No.  erf 
Copies 

2 

1 

1 

1 


2 

2 

1 


(Uncial*,  only)  ] 

1 


Organization 


No.  of 

Copies  Organization 


Administrator 

Defense  Technical  Info  Center 
ATTN:  DTIC-DDA 
Cameron  Station 
Alexandria,  VA  22304-6145 

Commander 

U.S.  Army  Materiel  Command 
ATTN:  AMCAM 
5001  Eisenhower  Ave. 

Alexandria,  VA  22333-0001 

Director 

U.S.  Army  Research  Laboratory 
ATTN:  AMSRL-D 
2800  Powder  Mill  Rd. 

Adelphi,  MD  20783-1145 

Director 

U.S.  Army  Research  Laboratory 
ATTN:  AMSRL-OP-CI-A, 

Tech  Publishing 
2800  Powder  Mill  Rd. 

Adelphi,  MD  20783-1145 

Commander 

U.S.  Army  Armament  Research, 
Development,  and  Engineering  Cento' 
ATTN:  SMCAR-IMI-I 
Pica  tinny  Arsenal,  NJ  07806-5000 


1  Commander 

U.S.  Army  Missile  Command 
ATTN:  AMSMI-RD-CS-R  (DOC) 
Redstone  Arsenal,  AL  35898-5010 

1  Commander 

U.S.  Army  Tank-Automotive  Command 
ATTN:  ASQNC-TAC-DIT  (Technical 
Information  Center) 

Warren,  MI  48397-5000 


1  Director 

U.S.  Army  TRADOC  Analysis  Command 
ATTN:  ATRC-WSR 

White  Sands  Missile  Range,  NM  88002-5502 

1  Commandant 

U.S.  Army  Field  Artillery  School 
ATTN:  ATSF-CSI 
FL  Sill,  OK  73503-5000 


(ciamooiy)!  Commandant 

U.S.  Army  Infantry  School 
ATTN:  ATSH-CD  (Security  Mgr.) 
Fort  Benning,  GA  31905-5660 

(iiadaa.  <*ij)  j  Commandant 

U.S.  Army  Infantry  School 
ATTN:  ATSH-CD-CSO-OR 
Fort  Benning,  GA  31905-5660 


Commander 

U.S.  Army  Armament  Research, 
Development,  and  Engineering  Center 
ATTN:  SMCAR-TDC 
Pica  tinny  Arsenal,  NJ  07806-5000 

Director 

Benet  Weapons  Laboratory 
U.S.  Army  Armament  Research, 
Development,  and  Engineering  Center 
ATTN:  SMCAR-CCB-TL 
Watervliet,  NY  121894050 

Commander 

U.S.  Army  Rock  Island  Arsenal 
ATTN:  SMCRI-TL/Technical  Library 
Rock  Island,  IL  61299-5000 

Director 

U.S.  Army  Aviation  Research 
and  Technology  Activity 
ATTN:  SAVRT-R  (Library) 

M/S  219-3 

Ames  Research  Center 
Moffett  Field,  CA  94035-1000 


1  WL/MNOI 

Eglin  AFB,  FL  32542-5000 

Aberdeen  Proving  Ground 

2  Dir,  USAMSAA 
ATTN:  AMXSY-D 

AMXSY-MP,  H.  Cohen 

1  Cdr,  USATECOM 
ATTN:  AMSTE-TC 

1  Dir,  ERDEC 

ATTN:  SCBRD-RT 

1  Cdr,  CBDA 

ATTN:  AMSCB-CI 

1  Dir,  USARL 

ATTN:  AMSRL-SL-I 

10  Dir,  USARL 

ATTN:  AMSRL-OP-CI-B  (Tech  Lib) 


21 


No.  of 

Copies  Organization 

1  OSD/SDIO/IST 

ATTN:  Dr.  Len  Caveny 
Pentagon 

Washington,  DC  20301-7100 

1  Director 

U.S.  Army  BMD 
Advanced  Technology  Center 
P.  O.  Box  1500 
Huntsville,  AL  35807 

1  Chairman 

DOD  Explosives  Safety  Board 
Room  856-C 
Hoffman  Bldg.  1 
2461  Eisenhower  Ave. 

Alexandria,  V A  22331-0600 

1  Department  of  the  Army 

Office  of  the  Product  Manager 
155mm  Howitzer,  M109A6,  Paladin 
ATTN:  SFAE-AR-HIP-IP,  Mr.  R.  De  Kleine 
Pica  tinny  Arsenal,  NJ  07806-5000 

1  Commander 

Production  Base  Modernization  Agency 
U.S.  Army  Armament  Research, 
Development,  and  Engineering  Cento1 
ATTN:  AMSMC-PBM-E,  L.  Laibson 
Pica  tinny  Arsenal,  NJ  07806-5000 

3  PEO- Armaments 
Project  Manager 
Tank  Main  Armament  Systems 
ATTN:  AMCPM-TMA,  K.  Russell 
AMCPM-TMA- 1 05 
AMCPM-TMA- 120 
Pica  tinny  Arsenal,  NJ  07806-5000 

6  Director 

Benet  Laboratories 

U.S.  Army  Watervliet  Arsenal 

ATTN:  SARWV-RD, 

L. Johnson 
G.  Carafano 
R.  Thierry 
R.  Hasoenbein 
P.  Votis 
P.  Alto 

Watervliet,  NY  12189 


No.  of 

Copies  Organization 

3  Commander 

U.S.  Army  AMCCOM 
ATTN:  AMSMC-IRC,  G.  Cowan 
SMCAR-ESM(R), 

W.  Fortune 
R.  Zastrow 

Rock  Island,  IL  61299-7300 

1  Commander,  US  ACECOM 
R&D  Technical  Library 
ATTN:  ASQNC-ELC-IS-L-R,  Myer  Center 
Fon  Monmouth,  NJ  07703-5301 

1  Commandant 

U.S.  Army  Aviation  School 
ATTN:  Aviation  Agency 
Fort  Rucker,  AL  36360 

1  Director 

HQ,  TRAC  RPD 

ATTN:  ATCD-MA,  MAJ  Williams 
Fort  Monroe,  VA  23651-5143 

1  Headquarters 

U.S.  Army  Materiel  Command 
ATTN:  AMCICP-AD,  Michael  F.  Fisette 
5001  Eisenhower  Ave. 

Alexandria,  VA  22333-0001 

4  Commander 

U.S.  Army  Armament  Research, 
Development,  and  Engineering  Center 
ATTN:  SMCAR-CCD,  D.  Spring 
SMCAR-CCS 

SMCAR-CCH-T,  L.  Rosendorf 
SMCAR-CCH-V,  E.  Fennell 
Picatinny  Arsenal,  NJ  07806-5000 

2  Commander 

U.S.  Army  Research  Office 
ATTN:  Technical  Library 
D.  Mann 
P.O.Box  12211 

Research  Triangle  Park,  NC  27709-2211 

1  Commander 

U.S.  Army  TRAC  -  Fort  Lee 
Defense  Logistics  Studies 
Fort  Lee,  V  A  23801-6140 
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Commander 

U.S.  Army  Armament  Research, 
Development,  and  Engineering  Center 
ATTN:  SMCAR-AE,  J.  Picard 
SMCAR-AEE-B, 

A.  Beardell 
D.  Downs 

S.  Einstein 

A.  Bracuti 
D.  Chiu 

SMCAR-AEE,  J.  Lannon 
SMCAR-AES,  S.  Kaplowitz 
Picatinny  Arsenal,  NJ  07806-5000 

Commander 

U.S.  Army  Armament  Research, 
Development,  and  Engineering  Center 
ATTN:  SMCAR-FSA-T,  M.  Salsbury 
SMCAR-FSE, 

T.  Gora 

B.  Knutelsky 
K.  C.  Pan 
W.  Davis 

C.  Durham 
A.  Graf 

Picatinny  Arsenal,  NJ  07806-5000 
Commander 

U.S.  Army  Armament  Research, 
Development,  and  Engineering  Center 
ATTN:  SMCAR-EG, 

G.  Ferdinand 

H.  Naber-Libby 
R.  Lundberg 

J.  Niles 
R.  Moreira 
W.  Morelli 

Picatinny  Arsenal,  NJ  07806-5000 
Commander 

U.S.  Army  Belvoir  R&D  Center 
ATTN:  STRBE-WC, 

Technical  Library  (Vault) 

Bldg.  315 

Fort  Belvoir,  VA  22060-5606 
President 

U.S.  Army  Artillery  Board 
Fort  Sill,  OK  73503 


1  Commandant 

U.S.  Army  Command  and  General  Staff 
College 

Fort  Leavenworth,  KS  66027-5200 

1  Commandant 

U.S.  Army  Special  Warfare  School 
ATTN:  Rev  and  Tng  Lit  Div 
Fort  Bragg,  NC  28307 

1  Commander 

Radford  Army  Ammunition  Plant 
ATTN:  S MCR A-Q A/HI  Library 
Radford,  VA  24141 

1  Commandant 

U.S.  Army  Held  Artillery  School 
ATTN:  STSF-TSM-CN 
Fort  Sill,  OK  73503-5600 

4  Deputy  Commander 

Strategic  Defense  Command 
ATTN:  SFAE-SD-HVL, 

S.  Smith 
LTCKee 
D.  Lianos 

T.  Aden 
P.O.  Box  1500 
Huntsville,  AL  35887-8801 

2  Commander 

U.S.  Army  Foreign  Science  and  Technology  Center 
ATTN:  AMXST-MC-3, 

S.  LeBeau 
C.  Beiter 
220  Seventh  St.,  NE 
Charlottesville,  VA  22901 

1  Commandant 

U.S.  Army  Field  Artillery  Center  and  School 
ATTN:  ATSF-CO-MW,  B.  Willis 
Fort  Sill,  OK  73503 

1  Naval  Sea  System  Command 
Department  of  the  Navy 
ATTN:  CSEA,  CDR  Dam  pier 
06KR12 

Washington,  DC  20362-5101 
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■c 

Conies 
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Copies 

Organization 

1 

Office  of  Naval  Research 

ATTN:  Code  473,  R.  S.  Miller 

800  N.  Quincy  St. 

Arlington,  VA  22217 

6 

Commander 

Naval  Surface  Warfare  Center 

ATTN:  Code  G33, 

T.  Doran 

J.  Copley 

2 

1 

Commander 

Naval  Sea  Systems  Command 

ATTN:  SEA62R 

SEA  64 

Washington,  DC  20362-5101 

Commander 

Code  G30,  Guns  and  Munitions 
Division 

Code  G301,  D.  Wilson 

Code  G32,  Gun  Systems  Division 
Code  E23,  Technical  Library 
Dahlgren,  VA  22448-5000 

Naval  Air  Systems  Command 

ATTN:  AIR-954-Technical  Library 
Washington,  DC  20360 

1 

Commander 

Naval  Weapons  Center 

ATTN:  Code  388,  C.  F.  Price 

Info  Science  Div 

1 

Naval  Research  Laboratory 

Technical  Library 

China  Lake,  CA  93555-6001 

Washington,  DC  20375 

1 

OLAC  PL/TSTL 

ATTN:  D.  Shiplett 

2 

Commander 

Naval  Surface  Warfare  Center 

Edwards  AFB,  CA  93523-5000 

ATTN:  J.  P.  Consaga 

C.  Gotzmer 

Silver  Spring,  MD  20902-5000 

10 

Central  Intelligence  Agency 

Office  of  Central  Reference  Dissemination 
Branch 

Room  GE-47  HQS 

3 

Commander 

Naval  Surface  Warfare  Center 

Washington,  DC  20502 

ATTN:  S.  Jacobs/Code  R-10 

K.  Kim/Code  R-13 

R.  Bemecker/Code  R-13 

Silver  Spring,  MD  20902-5000 

1 

Central  Intelligence  Agency 

ATTN:  Joseph  E.  Backofen 

HQ  Room  5F22 

Washington,  DC  20505 

3 

Commander 

Naval  Surface  Warfare  Center 

Indian  Head  Division 

ATTN:  610.  C.  Smith 

61101,  K.  Rice 

61 10C,  S.  Peters 

Indian  Head,  MD  20640-5035 

5 

Director 

Sandia  National  Laboratories 

ATTN:  T.  Hitchcock 

R.  Woodfin 

D.  Benson 

S.  Kempka 

R.  Beasley 

Advanced  Projects  Div  14 

2 

Commander 

Naval  Underwater  Systems  Center 

Energy  Conversion  Dept. 

Organization  9123 

Albuquerque,  NM  87185 

ATTN:  Code  5B331,  R.  S.  Lazar 

Technical  Library 

Newport,  RI  02840 

2 

Director 

Los  Alamos  National  Laboratory 

ATTN:  B.  Kaswhia 

H.  Davis 

Los  Alamos.  NM  87545 
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1  Director 

Lawrence  Livermore  National  Laboratory 
ATTN:  M.  S.  L-355,  A.  Buckingham 
P.O.  Box  808 
Livermore,  CA  94550 

2  Director 

Sandia  National  Laboratories 
Combustion  Research  Facility 
ATTN:  R.  Armstrong 
S.  Vosen 
Division  8357 

Livermore,  CA  94551-0469 


1  SPARTA 

ATTN:  Dr.  Michael  Holland 
9455  Towne  Center  Dr. 

San  Diego,  CA  92121-1964 

5  FMC  Corporation 

ATTN:  Mr.  G.  Johnson 
Mr.  M.  Seale 
Dr.  A.  Giovanetti 
Mr.  J.  Dyvik 
Dr.  D.  Cook 
4800  East  River  Rd. 
Minneapolis,  MN  55421-1498 


1  University  of  Illinois 

Dept  of  MechTIndusL  Engr. 

ATTN:  Professor  Herman  Krier,  144  MEB 
1206  N.  Green  St. 

Urbana,  DL  61801 

1  Johns  Hopkins  University/CPIA 

ATTN:  T.  Christian 
10630  Little  Patuxent  Parkway,  Suite  202 
Columbia,  MD  21044-3200 

1  Pennsylvania  State  University 

Dept,  of  Mechanical  Engr. 

ATTN:  Dr.  K.  Kuo 

312  Mechanical  Engineering  Bldg. 

University  Park,  PA  16802 

1  North  Carolina  State  University 
ATTN:  John  G.  Gilligan 
Box  7909 

1110  Burlington  Engineering  Labs 
Raleigh,  NC  27695-7909 

2  Institute  for  Advanced  Technology 
ATTN:  Dr.  H.  Fair 

Dr.  T.  Kiehne 
4030-2  West  Baker  Lane 
Austin,  TX  78759-5329 

1  SRI  International 

Propulsion  Sciences  Division 
ATTN:  Technical  Library 
333  Ravenswood  Ave. 

Menlo  Park,  CA  94025 


3  GT  Devices 

ATTN:  Dr.  S.  Goldstein 
Dr.  R.  J.  Greig 
Dr.  N.  Winsor 

5705A  General  Washington  Dr. 
Alexandria,  VA  22312 

3  General  Dynamics  Land  Systems 
ATTN:  Dr.  B.  VanDeusen 
Mr.  F.  Lunsford 
Dr.  M.  Weidner 
P.O.  Box  2074 
Warren,  MI  48090-2074 

2  Alliant  Techsystems,  Inc. 

ATTN:  R.  E.  Tompkins 
J.  Kennedy 
MN38-3300 

10400  Yellow  Circle  Dr. 
Minnetonka,  MN  55343 

2  Olin  Ordnance 

ATTN:  V.  McDonald,  Library 
Hugh  McElroy 
P.O.  Box  222 
St.  Marks,  FL  32355 

1  Paul  Gough  Associates,  Inc. 
ATTN:  P.  S.  Gough 
1048  South  St 

Portsmouth,  NH  03801-5423 
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2 


2 


1 

1 

1 

2 


Organization 

Physics  Internationa]  Company 
ATTN:  Litany,  H.  Wayne  Wampler 
2700  Merced  St 
San  Leandro,  CA  94577 

Rockwell  International 
Rocketdyne  Division 
ATTN:  BA08, 

J.  E.  Flanagan 
J.  Gray 
6633  Canoga  Ave. 

Canoga  Park,  CA  91304 

Princeton  Combustion  Rsch  Lab 
ATTN:  M.  Summerfieki 
N.  Messina 

Princeton  Corporate  Plaza 
11  Deerpark  Drive 
Bldg.  IV,  Suite  119 
Monmouth  Junction,  NJ  08852 

Science  Applications,  Inc. 

ATTN:  J.  Batteh 

L.  Thornhill 
1519  Johnson  Ferry  Rd. 

Suite  300 

Marietta,  GA  30062-6438 

Eli  Freedman  &  Associates 
ATTN:  E.  Freedman 
2411  Diana  Rd. 

Baltimore,  MD  21209 

Veritay  Technology,  Inc. 

4845  Millersport  Hwy. 

P.O.  Box  305 

East  Amherst  NY  14051-0305 
Battelle 

ATTN:  TACTEC  Library,  J.  N.  Huggins 
505  King  Ave. 

Columbus,  OH  43201-2693 

California  Institute  of  Technology 
Jet  Propulsion  Laboratory 
ATTN:  L.  D.  Strand,  MS  125-224 
D.  Elliot 

4800  Oak  Grove  Dr. 

Pasadena,  CA  91 109 


No.  of 

Copies  Organization 

1  General  Electric  Co. 

Defense  Systems  Division 
ATTN:  Dr.  J.  Mandzy 
Mail  Drop  43-220 

100  Plastics  Ave. 

Pittsfield,  MA  01201 

2  SAIC 

ATTN:  Mr.N.  Sinha 
Dr.  S.  Dash 

501  Office  Center  Drive 

Fort  Washington,  PA  19034-3211 

1  State  University  of  New  York  at  Buffalo 

Department  of  Electrical  Engineering 
ATTN:  Dr.  W.  J.  Sargeant 
Bonner  Hall  -  Room  312 
Buffalo.  NY  14260 

1  Science  Application  International  Corporation 
ATTN:  Dr.  George  Chryssamellis 
8400  Normandele  Blvd. 

Suite  939 

Minneapolis,  MN  55437 

Aberdeen  Proving  Ground 

4  Cdr,  USACSTA 
ATTN:  S.  Walton 
G.  Rice 
D.  Lacey 
C.  Henid 
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2  RARDE 

GS2  Division 
Building  R31 
ATTN:  Dr.  C.  Woodley 
Dr.  G.  Code 
Fort  Halstead 

Sevenoaks,  Kent  TNI 4  7BP 
ENGLAND 


INTENTIONALLY  LEFT  BLANK. 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 

This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your 
comments/answers  to  the  items/questions  below  will  aid  us  in  our  efforts. 

1.  AR1  Report  Number  ART.— TR— 1 2 _ DateofReport _ Hoveaber  1992 

2.  Date  Report  Received _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for 

which  the  report  will  be  used.) _ 


4.  Specifically,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of 
ideas,  etc.) _ _ 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved, 
operating  costs  avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate 
changes  to  organization,  technical  content,  format,  etc.) _ 


Organization 


CURRENT  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address 
above  and  the  Old  or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 


(Remove  this  sheet,  fold  as  indicated,  staple  or  tape  closed,  and  mail.) 


Department  of  the  Army 


OFRCIAL  BUSINESS 


BUSINESS  REPLY  MAIL 

FIRST  CLASS  PERMIT  Ho  0001,  APS,  MO 

Postage  will  be  paid  by  addressee 


Director 

U.S.  Army  Research  Laboratory 
ATTN:  AMSRL-OP-CI-B  (Tech  Lib) 
Aberdeen  Proving  Ground,  MD  21005-5066 


